ABSTRACT A category of frequency reconfigurable antennas realized by rotating mechanically a metasurface mounted atop a source radiator has attracted growing attention. Their electromagnetic properties and range of frequency reconfigurability have, nevertheless, not been satisfactorily studied. To this end, an equivalent radially homogeneous model is firstly proposed in this paper. The retrieval process is accordingly formulated to address the polarization dependence of the retrieved effective electromagnetic parameters. A couple of typical metasurface-based frequency mechanically reconfigurable antennas are thus characterized by the proposed model. The predicted central operating frequencies are validated against the results of full-wave simulation and the measurement ones of manufactured proof-of-concept prototypes. Further comparisons to the isotropic and the anisotropic models confirm superior accuracy, robustness, and simplicity of the proposed characterization model. In addition, frequency reconfigurable range is shown to be determined by the anisotropy of the metasurface, related to the geometrical symmetry of its constitutive unit cell.
I. INTRODUCTION
Reconfigurable antennas attract increasingly growing attention due to their adaptive technical specifications with changing environmental conditions and system requirements [1] . Different strategies including electrical, mechanical, optical, and thermal approaches have been applied to tune the antennas' key technical specifications, e.g., central operating frequency, radiation pattern, and polarization [2] - [4] . Among them, frequency reconfigurable antennas, with the potential to reduce the total amount of antennas in a compact volume, are significant for modern wireless communication systems. Recently, a category of metasurface-based frequency mechanically reconfigurable (MSFR) antennas become popular for their novel operating mechanisms and ease of implementation. An MSFR antenna comprising a circular patch antenna and an appressed circular metasurface was proposed in [5] . The operating frequency was tuned by rotating the metasurface along its central axis and keeping the patch antenna stationary. In [6] , an MSFR antenna composed of
The associate editor coordinating the review of this article and approving it for publication was Mohammad Tariqul Islam. a slot antenna and a metasurface with the rectangular-loop unit cell was presented to exhibit a wide tuning range from 2.64 to 3.22 GHz. In [7] , an MSFR antenna comprising two identical anisotropic metasurfaces and a slot antenna was proposed. The operating frequency of the proposed antenna can be tuned from 2.55 to 3.45 GHz with a fractional tuning range of around 28%. Similar works were also reported with the focus to further extend the frequency reconfigurable range [8] , [9] . Nevertheless, two issues remain uncertain in the aforementioned work. On one hand, fundamental factors affecting the frequency reconfigurable range of the MSFR antenna have not been discussed. On the other hand, and more importantly, proposed electromagnetic (EM) homogenization methods lack satisfactory accuracy, robustness, and simplicity in characterizing the operating mechanism of the MSFR antenna, as well as predicting their central operating frequencies. In [5] - [8] , the indeterminate effective thickness issue in the homogenization of thin metasurface (MS) itself was perfectly solved by considering the thin surface and its dielectric substrate as a whole. The isotropic model was then applied to characterize the substrate-backed metasurface, while Nicolson-Ross-Weir (NRW) method was adopted to compute the effective EM parameters. However, non-negligible errors were encountered when central operating frequencies of the practical MSFR antenna were compared to those of the equivalent antenna containing the effective isotropic medium with retrieved EM parameters mounted on the same feed. Moreover, such a characterization method is not robust since its accuracy may vary with different MS. It is also a sophisticated model since for each rotating angle of the metasurface an individual full-wave simulation acquiring the necessary scattering parameters (S-parameters) needs to be performed to complete the homogenization process.
In this paper, an equivalent radially homogeneous model (RHM) for MSFR antennas is proposed to estimate their central operating frequencies (COFs) with improved accuracy, robustness, and simplicity. The associated retrieval process is formulated to address the polarization dependence of the retrieved effective electromagnetic parameters. To demonstrate the superiority of the proposed characterization model over the isotropic and the anisotropic ones, three MSFR antennas composed of the same slot feed antenna and different MS with similar unit cells are designed as testing examples. The MSFR antenna proposed in [5] is also chosen to demonstrate the robustness of our RHM. Proof-of-concept antenna prototypes are fabricated and measured to further validate our model. Finally, according to the characterization results, factors affecting frequency reconfigurable range of the MSFR antenna are discussed.
II. FORMULATION OF CHARACTERIZATION METHOD FOR RADIALLY HOMOGENEOUS MODEL A. ISOTROPIC AND ANISOTROPIC MODELS
As presented in [5] , the most straightforward characterization attempt would be to replace the metasurface (MS) slab, i.e., metasurface and its dielectric substrate, effectively with a homogeneous medium, denoted as the isotropic model with identical diagonal components of its permittivity and permeability tensors, i.e., ε eff = ε xx = ε yy = ε zz , µ eff = µ xx = µ yy = µ zz . A commonly applied retrieval method can be expressed as follows,
where n(= (ε eff ·µ eff ) 1/2 ) and z (= µ eff /ε eff ) 1/2 ) denote effective refractive index and wave impedance, R (= ( z−1)/(z+1)) is reflection coefficient across the boundary between the free space and the slab, d is the thickness of the slab, and k 0 is the wave number in free space. By properly inverting (1), the intermediate parameters n and z during the retrieval process can be solved, which reads
where the integer m is the branch index of the logarithmic function. Sign ambiguity in (2) can be determined by the requirement that Re(z)≥ 0. Moreover, the correct branch of the logarithmic function in (4) can be cleared by utilizing the mathematical continuity of the exponential function [10] . Finally, the equivalent relative permittivity ε eff and permeability µ eff of the MS can be calculated by ε eff = nz and µ eff = n/z. Let aside the characterization accuracy, one obvious drawback of this approach is that the homogenization process of the metasurface slabs involving tedious full-wave simulation needs to be carried out under each rotational angle θ R leading to a polarization variation of the EM excitation. Another issue is that the isotropic model may not be physically sound since the unit cell of the metasurface is often geometrically asymmetric, implying a possibly anisotropic response. For an anisotropic model, the unequal diagonal components of its permittivity and permeability tensors, i.e., (ε xx , ε yy , ε zz ) and (µ xx , µ yy , µ zz ), can readily be retrieved by the NRW method [11] given that proper polarization of external excitation is applied. For instance, ε xx and µ yy can be retrieved when the plane wave normally illuminates the metasurface with the electric field (E-field) aligned with the x-direction. The z-components are set to be those of the dielectric substrate. However, such a modeling strategy may produce even worse characterization accuracy than the isotropic one, e.g., the anisotropic model developed in [12] . This phenomenon attributes to the fact that the retrieved effective EM parameters of the anisotropic model of the MSFR antenna are also dependent on the polarization of the external EM excitation. To implement a simple, robust, accurate, and physically reasonable homogenization approach, we are motivated to introduce proper-defined polarization factors into the retrieval formulation of the anisotropic model.
B. RADIALLY HOMOGENEOUS MODEL
The mechanism of frequency reconfiguration of an MSFR antenna is to vary the relative position between the feed antenna and the MS, resulting in the variation of the effective EM parameters of the MS. It indicates that the polarization of the feed antenna reflects the EM characteristics of the MS. It is also noted that rotating the MS with respect to the feed antenna is equivalent to the rotation of the feeding antenna while keeping the MS stationary. Hence, we choose the latter rotation mechanism for the convenience of analysis in this section. The simulated E-field distribution near the feed slot antenna on the xy-plane is shown in Fig. 1 . It is observed that the slot antenna substantially generates linearly polarized radiation with the E-field parallel along the microstrip line, indicating that the polarization rotation angle of the slot antenna is equivalent to the rotation angle θ R of MS. It should be noted that while the feed antenna rotated 45 • as shown in Fig. 1 from (a) to (b), we find that the traditional anisotropic model is capable of revealing accurately the resonance frequency of the practical MSFR antennas. As shown in Fig. 2 , the E-field of the feed antenna can be decomposed into two identical components aligned with the x-and y-directions (i.e., Ex = Ey) when the feed antenna is rotated by 45 • . The situation is identical to the retrieval process of the traditional anisotropic model, where an orthogonally polarized excitation pair is often applied, e.g., excitation1 and excitation2 as shown in Fig. 3(a) [13] .
As the feed antenna is rotated to an arbitrary angle θ R instead of 45 • as shown in Fig. 2 and Fig. 3(b) , the two components E x and E y are not equal and lead to a situation where traditional anisotropic model encounters nonnegligible deviations when estimating the COFs of the MSFR antennas as shown later. In response to the particular phenomenon, we introduce a polarization factor θ R into the classical anisotropic model. This new model is denoted as a radially homogeneous model ((∂ε eff /∂θ R ) =0, (∂µ eff /∂θ R ) = 0, (∂ε eff /∂r) = 0, and (∂µ eff /∂r) = 0, where r = x 2 + y 2 ). Imagine a polar coordinate system established on the MS plane with the MS center as the pole. The RHM indicates that the effective EM parameters do not alter along the polar axis but vary in the polar angle. To obtain reasonable EM parameters of the RHM at an arbitrary θ R , one needs to take into account the variations of magnitudes of E x and E y with respect to those at θ R = 45 • , and then map these variations to the permittivity and permeability tensors of the MS. The specified process is as follows. As shown in Fig. 2 , for an arbitrary θ R other than 45 • , the Cartesian coordinate system is equivalently rotated by an angle ϕ = (θ R − 45 • , ranging from −45 • to 45 • ). We choose the E-field along the angular bisector of the x-axis and the y-axis as a benchmark, and then E x ' and E y ' after the rotation of angle ϕ are determined by
where E x and E y are the decomposed x-and y-components of the E-field at 45 • . We thus map the variation of the E x and E y directly to the permittivity tensor, which reads,
where ε xx and ε yy are the diagonal permittivity components of the traditional anisotropic model, while ε xx ' and ε yy ' denote the permittivity components of the RHM at the rotation angle of θ R (= ϕ + 45 • ). Similarly, the permeability tensor of RHM can be formulated as,
where µ xx and µ yy are the diagonal permeability components of the traditional anisotropic model, while µ xx ' and µ yy ' denote permeability components of RHM. By substituting the rotation angle ϕ in both (6) and (7) with the rotation angle θ R , the effective EM parameters of the RHM can be formulated as follows,
Consequently, an effective radially homogeneous model at the arbitrary direction of polarization of the feed antenna is obtained by introducing polarization factors θ R into classical anisotropic model with the permittivity and the permeability tensors (ε xx , ε yy , ε zz ) and (µ xx , µ yy , µ zz ). One superiority of the proposed RHM over the isotropic model lies in its simplicity since only two individual retrievals involving tedious full-wave simulation are needed. We will demonstrate in the following section that not only simplicity but also superior accuracy and robustness can be obtained from the RHM. 
III. NUMERICAL AND EXPERIMENTAL VALIDATION OF THE PROPOSED MODEL AND CORRESPONDING RETRIEVAL METHOD A. DESIGN EXAMPLES AND HOMOGENIZATION PROCEDURE
To verify the aforementioned merits, the proposed RHM is applied to characterize three MSFR antennas composed of the same slot feed antenna and different metasurfaces (MSs) with similar unit cells. The considered MSFR antennas are modeled in CST, and their geometrical details are displayed in Fig. 4 . Three MSs have similar elliptical unit cells which are arranged with an identical periodicity. Their major axis lengths are fixed, while the axial ratios (the ratio of the major axis to the minor axis of the elliptical elements) equal infinite, 3, and 10, respectively. Such a choice of the MSs is aimed to identify the influence of the geometrical symmetry of its constitutive unit cell on the frequency reconfigurable range of the MSFR antenna. The installation diagram of the MSFR antenna is shown in Fig. 4(d) . Different MSs showed in Fig. 4(b) , 4(e), and 4(f) are mounted closely atop of the feeding slot antenna shown in Fig. 4(a) . RO4350B with a thickness of 1.524mm and relative permittivity of ε r = 3.48 is selected to model both the slot antenna and the MS. The slot antenna is optimized to operate at 5.4GHz. The specified dimensions of the MSFR antennas are listed in Table 1 . The fabricated prototype of the feed antenna is shown in Fig. 5(a) , while two fabricated MSs with wire (with axis ratio (AR) of infinity) and elliptical (with axis ratio of 3) unit cells are shown in Fig. 5(b) .
To illustrate the superiorities of the proposed RHM, isotropic model, anisotropic model and RHM are applied to the characterization of MSFR antennas with three different MS structures abovementioned and that with the loop-type unit cell in [5] . The following procedure is applied to describe the characterization and evaluation process.
Firstly, the unit cell boundary condition has been applied in CST to model the MSs and to generate the required S-parameters under the illumination of plane waves with proper polarization, imitating the scenarios when the MSs rotates with respect to the slot antenna at θ R = 0 • , 30 • , 60 • , and 90 • . The simulated S-parameters of three different MSs are shown in Fig. 6 . Secondly, by the NRW method, the retrieved ε eff and µ eff of the isotropic model at different θ R are obtained and shown in Fig. 7 . It should be noted that ε eff (θ R = 0 • ) and ε eff (θ R = 90 • ) are equivalent to ε yy and ε xx of the traditional anisotropic model. Thus, the effective EM parameters of the isotropic and the anisotropic models are determined. Together with (8) , those of the RHM is also fixed. Besides, we can observe from Fig. 7 that the imaginary parts of the retrieved µ eff are practically negligible and thus not considered in the following analysis. For the MS with wire unit cells, as θ R increases from 0 • to 90 • , the real part of µ eff drops from 1.5 to 1, while the real part of ε eff displays a significant drop from around 25 to 3.49, which indicates the frequency reconfigurable mechanism of the MSFR antenna.
Thirdly, as shown in Fig. 4(g) , 4(h), and 4(i), the practical MS slabs are replaced by different homogenization models, respectively. The central operating frequencies (COFs) of these new radiation structures are then simulated in CST, and compared with those of the practical MSFR antennas. Finally, the COF deviations are calculated to demonstrate the accuracy and robustness of the proposed RHM.
B. RESULTS AND DISCUSSION
The simulated results of S 11 at rotation angle θ R = 0 • , 30 • , 60 • , and 90 • of the MS-loaded, isotropic model (IM) -loaded, anisotropic model (AM) -loaded and radially homogeneous model (RHM) -loaded wire-type MSFR antennas are shown in Fig. 8 . It can be seen from Fig. 8(a) that the COFs of MS-loaded and IM-loaded MSFR antennas have certain differences especially for θ R = 0 • and 60 • . Similarly, it can be seen from Fig. 8(b) that the simulated COFs of MS-loaded and AM-loaded MSFR antennas have larger errors at the rotation angle θ R = 0 • , 30 • and 90 • . For further comparison, not only simulated results of MS-loaded and RHM-loaded MSFR antennas but also measured results of the MSFR antenna prototype are depicted in Fig. 8(c) . It can be observed that the least deviations of COFs are observed than the isotropic and the anisotropic models. To further demonstrate the performance of the proposed RHM and classical models, the simulated COFs of the MSFR antenna with the proposed three different MSs and loop-type MS at different θ R , and the COFs of different-model-loaded MSFR antennas are listed in Table 2 . Firstly, it should be noted that the measured COFs of the wire-type and the ellipse-type (AR = 3) MSFR antennas at different θ R are in good agreement of the simulation ones as shown in Fig. 8 , demonstrating the validity of the full-wave simulation results. Hence, we only list the simulation COF of practical MSFR antennas in Table 2 Table 2 that the RHM-loaded MSFR antennas exhibit the COF deviations of 0, 20, 40, and 100MHz. Obviously, better accuracy and robustness of the RHM have witnessed at all listed rotation angles in this case.
Further comparisons have been carried out to the wiretype, ellipse-type (AR =10), and the loop-type MSFR antennas. It can be seen from Table 2 that the overall performance of the RHM is clearly superior to the isotropic and the anisotropic models in accuracy and robustness. The slightly COF deviations between the RHM-loaded and MS-loaded MSFR antennas can be explained as follows. One is that the slot feed antenna radiates linearly-polarized spherical wave instead of the plane wave which is applied in CST to excite the MS and generate the S-parameters ready for retrievals. The other is that the practical MS is finite in size, different from the simulation setup where it is assumed to be infinitely large. Despite the differences, the proposed RHM is still a significant improvement in the characterize the MSFR antennas. Together with its simplicity in the characterization process, the proposed RHM is confirmed to be a more appropriate method to characterize the MSFR antennas.
In general, the proposed RHM has the following practical benefits. It achieves highly accurate performance when applied to estimate the COFs of the MSFR antennas. Moreover, it can be applied to a variety of MSFR antennas with high robustness. Furthermore, it can be easily carried out to estimate COFs of the MSFR antennas since only two individual retrievals are needed. Finally, due to the above merits, the RHM and relevant homogenization results can potentially help us to efficiently optimize the structures of both the practical MS and the MSFR, instead of the tedious and time-consuming direct full-wave simulation.
It is noted that the focus of the manuscript is to build up a more accurate and robust homogenization method to predict the central operating frequency of the practical MSFR antennas. Such a model is oriented to describe only the impedance property of the antenna. To keep the manuscript concise and focused, we thus do not show the radiation properties, including far-filed patterns and gains. Simulation results confirm that the proposed MSs alter the COFs of the slot antenna without significantly affecting its radiation patterns, which is consistent with previous observations in [6] , [7] .
Another interesting finding is that the frequency reconfigurable range is related to the anisotropy of the MS. It can be seen from Table 2 that the COFs of the wire-type MSFR antenna ranges from 3.82GHz to 4.87 GHz with varying θ R , with a reconfigurable fractional bandwidth of 24.2%. Similarly, the reconfigurable fractional bandwidths of the ellipsetype (AR =10, and AR =3) MSFR antennas are 21.1% and 18.9%, respectively. It is finally confirmed that the frequency reconfigurable range is relevant to the anisotropy of the MS, i.e., the geometrical symmetry of the unit cell.
IV. CONCLUSION
An equivalent radially homogeneous model (RHM) for MSFR antennas is proposed in this paper. The associated retrieval process is determined by taking the polarization factors into consideration. To illustrate the superiorities of the proposed RHM over the traditionally isotropic and anisotropic models, three different MSFR antennas with similar unit cell structures are designed and characterized by three models. The results show that the RHM displays better performance in accuracy, robustness, and simplicity. Finally, frequency reconfigurable range with respect to the anisotropy of MS has been discussed. It is shown that the frequency reconfigurable range is relevant to the anisotropy of the MS. 
